Dear Marilaure, Thank you for your comments and for forwarding the last comments of the reviewers. 15
Dear Marilaure, Thank you for your comments and for forwarding the last comments of the reviewers. 15
In Figure 14 and 15, the logarithm of the variable was taken and then plotted using a linear color scale. So the figures and captions are correct. This results (indeed) in a different plot from plotting the variable value using a logarithmically scaled colorbar. I agree that this could be confused, but all the information is provided properly, and I don't really see a way of making this more clearly without obviously over-doing it. 20
I have changed the order of Tables 5 and 6 , and corrected the two mistakes in the equations.
With kind regards, 25 Johan 1 Introduction 30
Background, aims and approach
Worldwide macroalgae (seaweed) production is in excess of 28 million ton p.a. and has doubled between 2000 (FAO, 2014 . The majority of this production (> 95%) is from the SE Asian region where macroalgal cultivation is well established (FAO 2014; West et al., 2016) . The harvested macroalgae biomass is mainly used directly for human consumption, although other uses include the extraction of phyllocolloids (gelling agents), animal feed, fertilizer, water remediation and as probiotics in aquaculture (see van der Burg et al. 2016; West et al. 2016 ).
There has been increasing interest in the potential of macroalgae cultivation across the Northern Hemisphere and Europe (van der Burg et al., 2016) , partially driven by research on biofuel technologies (Kerrison et al., 2015) . The characteristics of 5 Phaeophyta macroalgae, in particular high productivity, fast growth rate and high polysaccharide content, make them a suitable biomass for biofuels production (Hughes et al., 2012; Kerrison et al., 2015; Schiener et al., 2016; Fernand et al., 2017) . A further advantage is that such third generation biofuels do not need additional freshwater and do not compete for agricultural land like many existing biofuel sources.
Marine macroalgae fix CO 2 , acting as a sink for anthropogenic CO 2 ("Blue Carbon", Nellemann et al., 2009; Duarte et al., 10 2017 ) and absorb dissolved nutrients from the water column, helping to remediate nutrient release from anthropogenic sources such as agricultural runoff, waste water treatment and aquaculture ('bioremediation', e.g. Chopin et al., 2001; Lüning and Pang, 2003; Fei, 2004; He et al., 2008; Sanderson et al., 2012; Smale et al., 2013) . Therefore, large-scale cultivation and harvesting of macroalgae could play a role in removing carbon from the marine environment, as well as reduction of coastal nutrient enrichment. 15 Kelp species, such as Saccharina latissima (a brown algae), have been identified as candidate macroalgae for bioenergy production (Kerrison et al., 2015) . Its cultivation has been trialled across Europe, including Scotland, Strangford Lough in Northern Ireland, southern North Sea, and northwest of Spain (Buck and Buchholz 2004; Sanderson et al. 2012; Peteiro et al. 2012 ; Kerrison et al. 2015; van der Burg et al. 2016 ).
Kelp naturally occurs in sublittoral coastal waters in temperate and polar regions. These macroalgae aggregations have been 20 shown to modify the surrounding environment by reducing water velocity and attenuate waves (Jackson, 1997; Gaylord et al., 2007) , and by modifying sedimentation rates of suspended particles (Eckman et al., 1989) . They are also associated with high biodiversity (Burrows, 2012) , providing numerous ecosystem services including habitat, shelter and food for many species including fish (Hartney, 1996) , benthic organisms (lobster, crabs; Bologna and Steneck, 1993; Daly and Konar, 2008) , herbivorous organisms (Kang et al., 2008) , and birds (Fredriksen, 2003) , see also Walls et al. (2017) . 25 While a large scale kelp farm might replicate some of the ecosystem services of a natural kelp forest, assumptions as to the extent of the similarity should be considered with caution (Wood et al., 2017) . Since kelp farms are monocultures suspended within the water column, and are likely to undergo a yearly cycle of growth and harvesting, they are not synonymous with mature kelp beds which contain multiple species, of different ages attached to the benthos (Wood et al. 2017 ).
Studies on the potential environmental effects of macroalgae farms are limited. This lack of information, in combination 30 with limited knowledge on expected farm yields, results in uncertainty for potential investors, developers and macroalgae farmers, as well as legislators, who provide the relevant farming licence (Wood et al., 2017) .
The aim of this modelling study was to investigate environmental effects and potential yield of macroalgae farms, at different locations in UK and Dutch coastal waters, using the ERSEM-BFM (European Regional Seas Ecosystem ModelBiogeochemical Flux Model). In particular, five farms were simulated: four experimental farms (Sound of Kerrera, Scotland; Strangford Lough, Northern Ireland; the Rhine region of fresh-water influence, ROFI, The Netherlands) and a hypothetical farm (Norfolk, UK) ( Figure 1) . Observations from the experimental farms in Scotland and Northern Ireland were used to 5 ground truth the model.
Saccharina latissima
Saccharina latissima, or sugar kelp, is a subtidal phaeophyte macroalga native to Europe, common to UK rocky shores. It is a brown algae, with leather/rubbery texture, which in the adult form is constituted by a holdfast, a stipe, and a large 10 undivided blade (or frond, or lamina), with undulated margins (Kain, 1979; White and Marshal, 2007) .
The growth of S. latissima is affected by environmental factors such as light availability, wave action and water currents, nutrient concentration, type of substratum, temperature, salinity and grazing pressure (Lobban and Harrison, 1997; Birkett et al., 1998) . A recent study by Kerrison et al. (2015) summarises the optimal range of environmental variables for S. latissima 15 growth (see Table 1 in Kerrison et al. 2015) .
In coastal waters around the UK, kelp species show high growth rates from late autumn to early summer. This is then followed by a slower growth phase between July and December (Parke, 1948; Kain, 1963) . Maximum length developments are also associated with maximum fresh weights (Parke, 1948; Black, 1950) . 20
Kelp plants show effective uptake of nutrients (ammonium, nitrate and phosphate) from seawater (Birkett et al. 1998; Kregting et al., 2016) . When nutrients are abundant and exceed metabolic requirements, these plants have the ability to store nutrient in the plant tissues (Birkett et al., 1998) . For example, S. latissima has been shown to store nitrogen reserves at levels of more than 1000 times the external ambient concentration (Chapman et al., 1978) . 25 S. latissima stores energy in the form of carbohydrates (e.g. mannitol and laminarin), the concentrations of which vary widely during the year, and peak in the second part of the year (Black, 1950; Kain, 1979; Bartsch et al., 2008; Schiener et al., 2015) . For example, Gevaert et al. (2001) observed that for S. latissima in the English Channel, the maximum carbon content is reached in September with the lowest concentrations occurring in March. Similar trends have also been reported for 30
Norway (Sjøtun, 1993) and Scotland (Connolly and Drew, 1985) . The minimum carbon concentration in March occurs when the growth rate of the algae is high and the plant growth is carried out at the expense of carbohydrate reserves. By contrast during summer, carbon assimilation exceeds carbon-utilisation allowing the formation of carbon reserves (Gevaert et al., 2001 ).
The presence of these carbohydrate reserves and a fast growth rate make S. latissima an interesting potential species for production of renewable energy (Kraan, 2013; Fernand et al., 2017) . For these reasons, S. latissima has become a focus for 5 experimental farming in Europe. For a comprehensive summary of modelling efforts on S. latissima we refer the reader to Broch & Slagstad (2012) 1999; www.gotm.net) to solve the vertical dimension. GETM was run using the north-west European shelf setup that has been used by Van der Molen et al. (2016) to study the potential large-scale effects of tidal energy generation in the Pentland 15
Firth, and by Van der Molen et al. (2017) to develop a suspended particulate matter model. The set-up includes a spherical grid covering the area 46.4N-63N, 17.25W-13E with a resolution of 0.08 longitude and 0.05 latitude (approximately 5.5 km), and 25 non-equidistant layers in the vertical. The model bathymetry was based on the NOOS bathymetry (www.noos.cc/index.php?id=173). The model was forced with tidal constituents derived from TOPEX-POSEIDON satellite altimetry (LeProvost et al., 1998) , atmospheric forcing from ECMWF ERA-Interim (Dee et al., 2011; Berrisford et al., 2011; 20 www.ecmwf.int/en/research/climate-reanalysis/era-interim), interpolated river runoff from a range of observational data sets (the National River Flow Archive (www.ceh.ac.uk/data/nrfa/index.html) for UK rivers, the Agence de l'eau Loire-Bretagne, Agence de l'eau Seine-Normandie and IFREMER for French rivers, the DONAR database for Netherlands rivers, ARGE Elbe, the Niedersächsisches Landesamt für Ökologie and the Bundesanstalt für Gewässerkunde for German rivers, and the Institute for Marine Research, Bergen, for Norwegian rivers; see also Lenhart et al., 2010) , and depth-resolved temperature-25
and salinity boundary conditions from ECMWF-ORAS4 (Mogensen et al., 2012; Balmaseda et al., 2013;  http://www.ecmwf.int/products/forecasts/d/charts/oras4/reanalysis/). Boundary conditions for nutrients are taken from the World Ocean Atlas monthly climatology (Garcia et al., 2010) .
Macroalgae farm representation in ERSEM
The ERSEM-BFM (European Regional Seas Ecosystem Model -Biogeochemical Flux Model) version used here (01-06-30 2016 ) is a development of the model ERSEM III (see Baretta et al., 1995; Ruardij and Van Raaphorst, 1995; Ruardij et al., 1997; Vichi et al., 2003; Vichi et al., 2004; Ruardij et al., 2005; Vichi et al., 2007; Van der Molen et al., 2013; Van der Molen et al., 2014; Van der Molen et al., 2016; www.nioz.nl/northsea_model) , and describes the dynamics of the biogeochemical fluxes within the pelagic and benthic environment. The ERSEM-BFM model simulates the cycles of carbon, nitrogen, phosphorus, silicate and oxygen and allows for variable internal nutrient ratios and chlorophyll content inside organisms, based on external availability and physiological status. The model applies a functional group approach and contains five pelagic phytoplankton groups, four main zooplankton groups and five benthic faunal groups, the latter 5 comprising four macrofauna and one meiofauna groups. Pelagic and benthic aerobic and anaerobic bacteria are also included. The pelagic module includes transparent exopolymer particles (TEP) excretion by diatoms under nutrient stress, the associated formation of macro-aggregates consisting of TEP and diatoms, leading to enhanced sinking rates and food supply to the benthic system especially in the deeper offshore areas (Engel, 2000) , a Phaeocystis functional group for improved simulation of primary production in coastal areas (Peperzak et al., 1998) , a pelagic filter-feeder larvae stage, and 10 benthic diatoms, including resuspension, transport and pelagic growth. The suspended particulate matter (SPM) module, included for improved simulation of the under-water light climate, contains contributions by waves and currents, and full 3D transport ( Van der Molen et al., 2017) . Finally, the model includes resuspension of particulate organic matter as a proportion of the SPM resuspension, and also 3D transport.
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A macroalgae functional type representing Saccharina latissima was introduced in ERSEM-BFM, closely following the implementation of Broch and Slagstad (2012) (see Figure 2 for a schematic diagram of the implementation). The macroalgae were represented by a non-advective biomass concentration, in analogy to other ERSEM functional types. To conform with the structure of ERSEM, phosphate dynamics were added in analogy to the nitrate dynamics, as well as assuming an optimum N/P ratio for structural mass of 25, slightly below the median reported by Atkinson & Smith (1983) ; see also 20 Duarte (1992) . The nutrient uptake method for the macroalgae was changed to the dynamic one presented by Droop (1973 Droop ( , 1974 in order to be consistent with the nutrient uptake of phytoplankton in ERSEM (Baretta-Bekker et al., 1997) .
Ammonium uptake was also added. The method includes growth, mortality (simulated by an equation that relates apical frond loss exponentially to frond area), nutrient and carbon biogeochemistry, and effects of light, temperature, and nutrient concentrations. Plant structural biomass, nutrient buffers and carbohydrate biomass were represented separately. For 25 inclusion in ERSEM-BFM, the macroalgae were represented in terms of biomass density rather than frond dimensions. The revised set of variables, parameters and equations is given in Table 1 to Table 3 . The effect of marcoalgae on light extinction was included both within the layer containing macroalgae and on the layers below. Only farmed macroalgae were included in the model. The implementation of farms assumed the use of lines as an anchoring material. Farms were prescribed, per model grid cell, in terms of line length, number of lines, depth below the surface, deployment and harvest time, and initial 30 biomass and plant density (see Table 4 for detail). For the calculations, the model converts these data to biomass density in the model layer coinciding with the depth of the lines below the surface. The simulated farms coinciding with the experimental farms in Strangford Lough, Sound of Kerrera, Lynn of Lorne and the Rhine plume were given dimensions coinciding with typical deployments. The background of the dimensions of the north Norfolk farm (Figure 1 , Site E-G) is given in Section 2.2.4. To facilitate the comparisons, all simulations used the same deployment and harvest dates.
2.2
Macroalgae farms
Strangford Lough research farm
The Northern Irish farm site run by Queen's University, Belfast, is located at 54.4N, 5.58W within the semi-enclosed 5
Strangford Lough (Figure 1, Site A) . The lough covers an area of approximately 134 km 2 , with water depths from 0-70 m, is 8 km long and the Narrows (0.5 km wide at narrowest) connect the Irish Sea to the main inlet of the lough (Smyth et al. 2016; . The lough is fully saline ranging from 32 to 34 with negligible freshwater input from three small point sources (Boyd, 1973; Smith, 2010) and is predominantly well mixed (Taylor and Service,1997) . The experimental site is located off the southern shore in the vicinity of the Narrows, but is relatively sheltered with an average 10 current speed of 0. 
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The mean biomass per line (kg wet weight/m) was used to estimate the total farm carbon biomass for comparison with the model results (see Section 3.3.1). Overall, 354 samples were analysed for wet and dry weight, giving a combined total wet weight of 3549.9 kg, and a dry weight of 380.38 kg, resulting in a wet/dry weight ratio of 9.333. For conversion from dry weight to carbon weight we assume that the dry plant material consists predominantly of CH 2 O groups (Atkinson & Smith, 1983) , resulting in a dry weight to carbon ratio of 32/12=2.67. The resulting conversion factor from wet weight to carbon is 30 24.919.
Sound of Kerrera and Lynn of Lorne research farms
The Sound of Kerrera and Lynn of Lorne farms ( 
Rhine plume experimental farm
The southern coast of the Netherlands is characterized by shallow water depths (<25 m), high winter nutrient concentrations (Laane, 2005; Troost et al., 2014) , and high turbidity (Pietrzak et al., 2011; Van der Hout et al., 2015) . The Dutch coastal area is influenced by the Rhine river and has lowered salinity, potential for episodic salinity stratification (De Ruyter et al., 30 1997) , and a higher N/P ratio due to larger reductions in anthropogenic riverine phosphate loading since the late 1980's (Lenhart et al., 2010) .
Another experimental farm, run by North Sea farm foundation (Stichting Noordzee boerderij), was deployed for the first time in the autumn of 2016 within the nutrient-rich Rhine ROFI off the port of Scheveningen, The Netherlands (Figure 1, D) .
The farm consists of a single line of 100 m, undulating between 0 and 4 m below the surface. Data from this farm will only become available in the summer of 2017. The farm was included in the model to obtain predictions of potential performance.
2.2.4
Norfolk hypothetical commercial farm 5
The north Norfolk coast of the UK is also characterized by shallow water depths, high winter nutrient concentrations (Hydes et al., 1999; Proctor et al., 2003; Foden et al., 2011) , and high turbidity (Dyer and Moffatt, 1998; Bristow et al., 2013) .
Turbidity is higher than off the coast of the Netherlands, resulting in comparatively lower primary production by phytoplankton.
10
The hypothetical commercial farm off north Norfolk (Figure 1 , Site E-G) was selected based on the method of Capuzzo et al.
(2014), with minor modifications. The method consisted of over-laying maps of suitability scores (optimal, sub-optimal, unsuitable) of key limiting environmental variables (temperature, light, tidal velocity, wave height and nutrient concentrations; Table 5 ) and spatial use data (shipping, structures, Marine Protected Areas, wind farms, etc.) in a GIS system. The modifications applied here consist of slight variations to the threshold levels of certain environmental variables, 15 and the adoption of a farming area based on the suitability data rather than rectangles of pre-defined size. It was assumed that within each grid cell of 25 km 2 , roughly half of the surface area would be effectively farmed, and the rest would be required for a mesh of navigation corridors for service vessels and occasional navigation lanes for other traffic. As details of such lay-outs are beyond the resolution of the model, it was assumed for simplicity that a solid block of 3.5x3.5 km 25 was farmed within each 5x5 km grid cell with lines 50 m apart to avoid entanglement.
2.2.5
Model scenarios GETM-ERSEM-BFM was run without macroalgae farms from 1990 to 2011, using initial conditions from an earlier model version. The first 10 years of this simulation were considered as spinup time to enable the biogeochemistry of the model to 30
adjust. The years 2001-2011 constituted the reference conditions (absence of farms). Farming scenarios were run for five consecutive seasons, starting on the first of October in 2006-2010, and running until the end of July of the following year in accordance with potential farming practice. The scenario runs were hot-started for each year from the corresponding conditions of the reference run on 1 October. To detect potential environmental effects, differences with the reference run were calculated from farm-season averaged, depth-averaged model scenario output for all routinely stored variables (covering nutrient concentrations, functional type biomass and a selection of fluxes for both pelagic and benthic systems), filtered for model variability using the method of Van der Molen et al. (2016) , and plotted as maps. The filtering method 5 discarded differences between the reference run and the scenario run that were smaller than similarly calculated differences between the reference run and a duplicate of the reference run. Time series consisting of daily values were extracted for pelagic nutrients, light conditions and macroalgae conditions at each model grid cell containing a macroalgae farm to assess farm performance and functioning.
2.3
SmartBuoy and satellite observations 10 SmartBuoys, instrumented moorings (Mills et al., 2005) have been deployed in UK and Dutch waters as components of monitoring programmes, and were configured to determine turbidity, chlorophyll fluorescence, salinity, temperature and dissolved oxygen and data processed according to Greenwood et al. (2010) . Concentrations of suspended particulate matter and chlorophyll were derived from measurements of turbidity and chlorophyll fluorescence respectively (Greenwood et al., 2010) . Discrete samples were collected using an automated Aquamonitor and subsequently analysed for TOxN (total 15 oxidisable nitrogen) and silicate according to Gowen et al. (2008) . In addition on most buoys, TOxN was determined using an automated in-situ NAS-2E or NAS-3X nutrient analyser. Daily mean values were calculated from all data which passed the quality assurance process.
Daily spatial distributions of chlorophyll concentrations were derived from the MODIS satellite (modis.gsfc.nasa.gov), 20 obtained from the Ifremer ftp server (ftp.ifremer.fr.:/ifremer/cersat/products/gridded/ocean-color/atlantic), and were processed as described by Gohin et al. (2005) and Gohin (2011) . These data were further processed, in conjunction with modelled surface chlorophyll concentrations, to yield spatially resolved summer and winter statistics of model performance. Figure 5 ) the model had a small bias in offshore waters, but tended to over-10 estimate coastal chlorophyll concentrations. It achieved good correlations in large parts of the North Sea and in parts of the Celtic Seas.
In the vicinity of the North Norfolk farm (Figure 1 , Site E-G), the model bias for surface chlorophyll was slightly negative in winter, and the correlation coefficient was low (Figure 4e,f) . In summer, chlorophyll concentrations were slightly over-15 estimated, and correlations were moderate (Figure 5e In Liverpool Bay (see Figure 1 for location), spring and summer chlorophyll concentrations generally exceeded observed values from the SmartBuoy by a factor of two (Figure 7a ). Nitrate concentrations were reproduced well in the last five years 30 of the simulation, but were over-estimated in the first four winters (Figure 7b ). Winter silicate concentrations were also higher in the first few years, but exceeded observed winter values for all the years in the time series (Figure 7c ). Modelled salinities were slightly higher than observed (Figure 7d) , and there was no apparent relationship with winter nutrient concentrations as for Warp Anchorage. Summer temperatures were reproduced mostly within a degree, while winter temperatures were underestimated by up to 2 °C (Figure 7e) . The seasonal cycle of SPM concentrations was reproduced, but with substantially higher variability (Figure 7f ).
At the more offshore location of West Gabbard (see Figure 1) , peak chlorophyll concentrations were underestimated for most, but not all of the years (Figure 8a ). Nitrate concentrations were under-estimated by a factor of 2-3 (Figure 8b ), whereas 5 silicate concentrations were reproduced fairly closely (Figure 8c ). Summer salinities were over-estimated by 0.8-1.2 ( Figure   8d ). Maximum summer temperatures were exceeded by up to 2 °C in most years, and minimum winter temperatures were, with a few exceptions, reproduced closely (Figure 8e ). Winter suspended sediment concentrations were 4-5 times higher than observed, with much higher variability (Figure 8f ). This general pattern was also observed at other offshore SmartBuoys (not shown here for brevity). 10
Environmental effects
None of the maps of differences in biogeochemistry and plankton dynamics with the reference run, averaged over the farming season, showed detectable changes in the region of any of the farm sites, i.e. any differences between the run with farms and the first reference run were smaller than or of similar magnitude as differences between the two reference runs.
For the experimental farms, this was to be expected because of their relatively small size. The north Norfolk farm (Figure 1,  15 Site E-G) was located in a dynamic area with high tidal currents and substantial residual circulation, which may account for this result. Hence, in the following, we will focus on the performance of the macroalgae farms. and 0.16-0.3 mmol P m -3 , showed substantial variation between years, and were lower than expected for a coastal location.
Reported values for the Narrows and coastal offshore area for 2009 show values within, but also in exceedence of these ranges (Kregting et al., 2016) . One reason for this could be that nutrient inputs from the largest river entering Strangford 25 Lough, the Quoile, were not available for inclusion in the model. Summer concentrations were close to zero, with a suggestion that nitrogen was the limiting nutrient. Extinction coefficients (Figure 9c This under-estimation was caused by the low nutrient concentrations, as is also evident in the structure/mass ratio (mass of macroalgae structure over total (structure + carbohydrates) macroalgae mass, Figure 9g ) and C/N and C/P ratio (Figure 9i ,j), which show that the modelled macroalgae was high in carbohydrate content from the beginning and then rose throughout the cultivation. Mortality (Figure 9h ) remained low throughout the farming cycles. Nutrient uptake rates per surface area of the 5 farm (Figure 9k ,l) were close to zero in summer, and peaked between 0.05-0.15 mmol N m -2 day -1 and 0.015-0.025 mmol P m -2 day -1 .
Sound of Kerrera and Lynn of Lorne
For the Sound of Kerrera farm ( Figure 1 , Site B; Figure 10 ), winter nutrients were higher, but also with substantial differences between years (7-15 mmol N m -3 and 0.6-1.4 mmol P m Figure 11 ) showed a very similar pattern, but achieved almost twice the yields due to higher modelled nutrient concentrations. Interestingly, the carbohydrate content at harvest was lower for the highyield years. In the year with highest yield, mortality shot up ten-fold shortly before harvest, suggesting that timing of 25 harvesting may be critical. This latter result corresponds with the experience of the farm operators.
3.3.3
Rhine plume experimental farm ), and also over-predicted summer concentrations. Phosphate concentrations were reproduced fairly closely, and both model and 30 observations suggest that for a period after the spring bloom phosphate was the limiting nutrient. The model also reproduced the available observations of the extinction coefficient, which bottomed out at approximately 0.5 m -1 ; higher than at the Scottish and Irish farm sites. Summer temperatures ranged up to 20 C, which is near the thermal limit for this kelp species.
Farm yields were relatively stable at around 0.7 kg C m -1 line, but carbohydrate content remained low as nutrients remained available throughout the summer. The observations suggest that this may not be as extreme in reality. Mortality increased during the later stages of growth, suggesting that if, in reality, the carbohydrate content does increase due to lower nutrient concentrations than in the model, there may be a fine balance in picking the right time to harvest. 5
Norfolk hypothetical commercial farm
The results for the Norfolk hypothetical farm (Figure 1 , Site E-G; Figure 
Predicted farm yields
In addition to the per unit performance of the farms presented in the previous section, it is, from the point of view of biomass 15 production, useful to list the total predicted yield of the farms at their current size. Total modelled farm yields are summarised in Table 6 , for both carbon and wet biomass. In terms of wet biomass, yields were in the range of 2-3 t yr for the combined Norfolk farm (Figure 1 , Site E-G). 20
Variations in farm yield
The model results suggested that macroalgae growth was dictated by combined availability of nutrients and a sufficient level (Figure 1 , Site E-G; graph d) experienced a good range of conditions that allowed high nitrate uptake.
Results for phosphate showed very similar patterns, and are not shown here.
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Plotting modelled macroalgae biomass for the Sound of Kerrera farm in a similar way and for the individual years ( Figure   15 ) elucidates the mechanism behind the variability in farm yield in the model (Figure 10f ). The final biomass appeared to be correlated not only with the winter nutrient concentration but also with structural biomass in spring, when nutrient concentrations were still elevated and light levels exceeded 50 mol m -2 s -1 (compare also with the uptake rates, Figure 14b ).
A sufficient level of initial spring biomass was required to allow for sufficient uptake and storage of nutrients to facilitate the 5 early summer growth. The initial spring structural biomass appeared to be correlated with the combination of light and nutrient concentrations in late autumn/early winter. Hence, it appears that the timing of the onset of increased nutrient levels, and the timing of nutrient drawdown are important determinants of farming success in areas where winter nutrient levels are not elevated and subject to interannual variation.
10

Discussion
The modelled production of macroalgae showed a range of responses that may illustrate the actual production that can be expected from commercially operated farms in these locations. Having said this, the model results were not highly accurate for all sites. At Strangford Lough (Figure 1 , Site A), the modelled winter nutrient concentrations were likely too low, leading 15 to low macroalgae production in the model. This result provides an analogue for potential lack of farming success at sites with naturally low winter nutrient concentrations.
The model results at the Sound of Kerrera site (Figure 1 , Site B) were realistic, comparing in range with observed winter nutrient concentration levels (higher than at the Strangford Lough site), and also comparing in range with the observed 20 variation in macroalgae production. Modelled production at the Lynn of Lorne site (Figure 1 , Site C) was higher than at Sound of Kerrera, coinciding with higher modelled winter nutrient concentrations. However, as a side effect of this, macroalgae carbohydrate content was lower.
At the Rhine plume site (Figure 1 , Site D), modelled nitrate levels were substantially higher than observed. Despite this, 25 macroalgae production per metre was higher than at Sound of Kerrera and the last three years at Lynn of Lorne despite less favourable light conditions caused by higher concentrations of suspended solids and the line being deeper below the surface. This is most likely the result of more favourable nutrient concentrations. The modelled macroalgae contained low concentrations of carbohydrates, as they had continuous access to nutrients. The observed nitrate concentrations at a near-by location suggest limiting conditions in summer, and hence the real farm may yield macroalgae with a higher carbohydrate 30 content.
The Norfolk farm (Figure 1 , Site E-G), after compensating for the overestimated modelled suspended particulate matter concentrations by reducing the depth of the lines below the surface, produced modelled macroalgae biomass per metre of line higher than those simulated for the Sound of Kerrera farm. This production showed good interannual stability, and contained up to 60% carbohydrates. Simulated winter nutrient concentrations were comparable with observed concentrations. There was a slight variation in macroalgae production between the three model grid cells occupied by the farm, in line with a slight gradient in suspended particulate matter concentrations. Even for this farm, which was the largest that was modelled, we did not find significant changes in temporal averages of other model environmental variables over the 5 period of simulated farming. This is presumably because nutrient requirements of S. latissima are very modest, and there is a high level of flushing in the area. Overall, this result supports the potential for this site for macroalgae farming.
The model results suggested that, in areas where winter nutrient levels are modest, farming success could be sensitive to the timing of the autumn onset and spring draw-down of nutrient levels. This result should be further tested and investigated 10 using more detailed field and laboratory observations. The results of farm yield (Table 6 ), in relation to farm size, can be used as a first indication of the magnitude of potential carbon removal from the marine environment if farming is scaled up in areas with good farming potential. If the produce is used for biofuel production, the farming activity would result in a related reduction in fossil fuel consumption, when 15 allowing for conversion losses and fuel consumption as part of the production cycle. As nutrient to carbon ratios were very low, and the model did not detect significant changes in pelagic nutrient concentrations, macroalgae farming would need to happen on a substantially larger scale and/or intensity than simulated here to have an effect on eutrophication.
The current shelf-wide model allows for first assessments of macroalgae farm performance at a wide range of locations on 20 the northwest European continental shelf. The relatively coarse model resolution, however, clearly limits the accuracy of the farm production results, in particular in areas with large gradients in topography at scales finer than the model resolution. If more accurate simulations are desired for such locations, or if within-farm gradients in productivity need to be studied, local high-resolution models could be developed that take boundary conditions from the current model. The current model assumes horizontal lines, whereas some experimental farm configurations include vertical or diagonally undulating lines. 25
The Rhine plume farm uses undulating lines, and hence the performance could be different from the simulations presented here. To better represent these different farm configurations, and/or investigate potential differences in performance between such configurations, the model could be adapted by introducing the ability to distribute macroalgae biomass in the vertical.
Similar adaptations would also be required for the simulation of natural populations, in which plants are anchored to hard substrate and grow vertically towards the surface. The approximation for frond erosion suggested by Broch and Slagstad 30 (2012) does not explicitly include effects of the environment, and might be refined with a suitable set of laboratory experiments and field observations. However, the currently simulated values are small, and experience from the experimental farms indicates that higher values only occur later in the season. Crops can be harvested before such mortality occurs, so accurate predictions of mortality are not of high relevance for the current application.
This modelling exercise is a proof of concept, and did not aim for a detailed representation of the farm localities, nor did it involve extensive tuning to reproduce detail of farm performance. We used an existing 3D model setup of the northwest European continental shelf (Section 2.1), which allowed all farms to be included in one model, albeit with a very coarse representation of coastal geometries. Farm implementation included a level of sub-grid parameterisation. The model was run 5 with forcings for years pre-dating farm deployments, so comparisons with observations collected during the actual deployments can only be qualitative. Despite these limitations, we obtained reasonable confidence in the model, as well as valuable results in terms of farm functioning and performance, macroalgae quality, and farming-induced changes in environmental conditions. These predictions are necessary to progress the future development of this fledgling industry.
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Recommendations
This model study did not detect large-scale changes in environmental conditions in the vicinity of the simulated farms.
Although this is encouraging, we do not consider this finding to be a generic result, and further and specific investigations should be carried out for specific proposed farm implementations. Such work could include application of and contrasting 15 with other models, and further up-scaling of farm size and intensity to explore safe limits. Moreover, the current model (as any model) only captured a subset of environmental processes. Also, simulations with a high-resolution model are recommended to confirm and refine the results obtained here, if further farm implementation plans are developed.
The results for the hypothetical Norfolk farm site (Figure 1 , Site E-G) suggest favourable conditions for commercial 20 macroalgae farming. However, suspended particulate matter concentrations may remain an issue, and accurate regulation of a very shallow depth of line below the surface is probably required. A small-scale field experiment is recommended to test this result in reality.
For the Sound of Kerrera site (Figure 1 , Site B), with lower nutrient concentrations and variable farm yield, the model 25 suggested a relationship between farm yield and autumn and spring nutrient concentrations coinciding with light at sufficient levels. This suggested relationship should be investigated further, and confirmed with more detailed observations than available for this study, as further understanding of these processes can help to determine minimum required conditions for successful farming.
30
The model results suggest high rates of macroalgae growth in early summer, accompanied with an increase in carbohydrate content, but also by an increase in mortality. This suggests that there is an optimum window for harvesting, in line with experience from the experimental farms; however, the simulated mortality was not enough to start to reduce biomass. The model suggested differences in this balance between the farm sites, but without further field evidence it is difficult to draw detailed conclusions. It is recommended to continue the field experiments, and to gather more detailed information on environmental conditions, carbohydrate content and mortality. This could be accompanied by suitable series of shore-based microcosm experiments. Associated modelling work can help to explain and extrapolate such results.
Concerning the model, improvements could be made in the simulation of nutrients and particulate suspended matter. Also, 5
representations of different farm configurations could be considered (eg., undulating or vertical lines). Other macroalgae species could be included, as well as a capability to model natural, sea-bed attached macroalgae populations. Finally, inclusion of macroalgae grazers in the model could be investigated, as grazing can be a problem for farm operation. Appl. Phycol. 16, 355-368, 2004 Maximal specific growth of biomass (uncorrected for day
Minimal quotum reserve C per Structural mass 0.142× 10 Maximal nutrient uptake for n=Nitrogen (N) and for
Carbon exudation only when more C-reserves are present than the minimum quotum q
The ρL determines the size of the Chlorophyll (L) production. Low light and a low quotum Chl:C enhance this production
Rate of change in total content of n=Nitrogen (N) and of n=Phosphate (P)
Rate of change in total Carbon content 9
Total Chlorophyll production by macrophytes
Rate of change of structural biomass 1 Number of grid cells covered by 
